Malignant pheochromocytomas respond to chemotherapy with a reduction in tumor size and catecholamine secretion. We investigated the usefulness of molecular imaging with meta-iodobenzylguanidine (MIBG) for evaluating the effects of chemotherapy in patients with malignant pheochromocytoma. Six patients were studied before and after 6 AE 4 months of combination chemotherapy with cyclophosphamide, vincristine, and dacarbazine. Urinary catecholamines, metanephrines, and vanillylmandelic acid (VMA) levels were measured before and after chemotherapy. [
Introduction
Pheochromocytomas are catecholamine-secreting tumors of chromaffin tissue originating in the adrenal medulla or sympathetic paraganglia [1] . About 10% of these tumors are malignant and because the diagnosis of malignancy can only be made when they are located in non-chromaffin tissue sites, malignant pheochromocytomas are, by definition, metastatic [1, 2] . Despite this, surgery is the preferred treatment for both benign and malignant pheochromocytomas. However, with unresectable disease, other types of therapy are usually needed, such as antihypertensive treatment with pharmacologic agents or inhibitors of catecholamine excess and radiotherapy to palliate painful bone metastases or radiometabolic treatment [2] . Previous studies have demonstrated, by measuring urinary catecholamine and metanephrine levels or RECIST (Response Evaluation Criteria in Solid Tumors) criteria, that combination chemotherapy can be effective for advanced malignant pheochromocytomas [35] . Meta-iodobenzylguanidine (MIBG) is a physiologic analogue of norepinephrine and guanethidine that is taken up by pheochromocytoma cells [6] . This agent is not taken up in fibrotic and/or necrotic tumor sites, but is concentrated only in viable neoplastic cells. Imaging with radiolabeled MIBG is able to detect adrenal and extra-adrenal tumor masses, such as pheochromocytoma and paraganglioma; in particular, tumor lesions that concentrate MIBG can be benign or malignant and the ability to detect tumors on MIBG scans depends on both tumor size and differentiation [79] . We previously demonstrated that qualitative analysis using MIBG imaging allows lesion-by-lesion evaluation of the heterogeneity of neuroblastoma response to chemotherapy [10] . The aim of this study was to investigate the usefulness of molecular imaging with MIBG for evaluating the effects of combination chemotherapy on individual tumor lesions by monitoring MIBG uptake changes after treatment in patients with malignant pheochromocytoma.
Materials and methods

Study group
Six patients (5 men and 1 woman) ranging in age from 28 to 64 years (mean age 43 years), with sporadic malignant pheochromocytoma were evaluated with [
131 I]MIBG imaging and measurement of 24-h urinary total catecholamine, metanephrine, and vanillylmandelic acid (VMA) levels before and after (mean 6 AE 4 months) the last cycle of chemotherapy. Four patients had previous surgical treatment for the disease. In 2 others, the diagnosis of pheochromocytoma was made by biopsy ( Table 1) . None of the patients had undergone MIBG treatment previously. In all patients, the malignant pheochromocytoma was located in non-chromaffin tissue. The patients received intravenous chemotherapy with cyclophosphamide (750 mg/m 2 body surface area), vincristine (1.4 mg/m 2 body surface area), vincristine (1.4 mg/m 2 body surface area) on day 1 and dacarbazine (600 mg/ m 2 body surface area) on days 1 and 2 of 21-to 28-day cycles [35] . The institutional review board approved the chemotherapy and MIBG imaging protocols and informed written consent was obtained from all patients.
Urinary measurements
The urinary total free catecholamines were determined by quantitative fluorometric analysis (SmithKline Bioscience Laboratories, Philadelphia, PA) (normal range up to 0.68 mmol/day); the urinary metanephrines and VMA were determined using a spectrophotometric assay (normal range: metanephrines up to 6.6 mmol/day, VMA up to 55 mmol/day) [1] .
MIBG imaging
Thyroid uptake of unbound
131
I was blocked with a saturated solution of potassium iodide (200 mg iodide/day by mouth), beginning 1 day before tracer administration and continuing for 8 days. Medications that could potentially interfere with the tumor uptake of MIBG, such as reserpine, monoamine oxidase inhibitors, and tricyclic antidepressants, were discontinued for 30 days or longer before the study. Anterior and posterior whole-body scans and spot images were obtained 24 and 48 h after the intravenous administration of 0.5 mCi (18 MBq) of [ 131 I]MIBG using a whole-body scanner (E.CAM 180 dual detector gamma-camera, Siemens Medical Systems, Hoffman Estates, IL) equipped with a high-energy collimator and connected to a dedicated computer system. We used a 20% window centered at the 364 keV photopeak.
MIBG images were considered positive when adrenal or extra-adrenal foci of increased uptake were seen on each of the 24-and 48-h scans. For quantitative analysis, MIBG uptake was measured on 48-h images in lesions and in adjacent or contralateral normal tissue using region of interest analysis. To obtain background correction, the intensity ratio (IR) of MIBG tumor uptake (tumor lesion counts/normal tissue counts) was calculated for each lesion. A lesion-by-lesion comparison of the pre-and post-chemotherapy IR values was made. In addition, the sum of IR values for all lesions in a scan gave a total scan IR value for each patient. This summed value represented the total abnormal MIBG uptake and was used to compare pre-and post-chemotherapy MIBG scans in each patient. In preliminary studies, the precision of the measurements was assessed by repeatedly (5 times) measuring the MIBG uptake in 10 lesions with activity ranging from 0.39 to 2.21. The average coefficient of variation for measurement of the activity of a lesion was 3.3%.
Statistical analysis
Data are presented as mean AE standard deviation. For statistical analysis, we used the Wilcoxon signed-rank test for pairwise comparison and the Pearson coefficient of correlation. All data were collected in an Excel database and analyzed by SPSS 18.0. A P value 50.05 was considered statistically significant.
Results
Urine measurements
Pre-and post-chemotherapy laboratory data for each patient are illustrated in Fig. 1 
MIBG imaging
Pre-chemotherapy, a total of 73 tumor lesions with abnormal MIBG uptake were detected in all patients. Post-chemotherapy, 30 lesions showed no MIBG uptake and 43 lesions persisted (26 showed decreased MIBG uptake, 3 had unchanged MIBG uptake, and 14 had increased MIBG uptake). The results of pre-and post-chemotherapy MIBG studies for each patient lesion by lesion are illustrated in Fig. 2 . In detail, patient 1 had 22 abnormal foci at baseline and after chemotherapy 14 of them disappeared, 5 had decreased and 3 had increased MIBG uptake; patient 2 had 37 lesions at baseline and 12 disappeared, 13 had decreased and 10 had increased MIBG uptake after therapy, and in 2 lesions MIBG uptake remained unchanged; patient 3 had a single lesion in the left parietal skull at baseline and its IR value decreased from 4.8 to 2.1 after therapy; at baseline, patient 4 had 7 lesions, after therapy the IR value decreased in 6 lesions and increased in 1; a single baseline lesion in patient 5 was unchanged after therapy; in patient 6, 4 of 5 lesions at baseline disappeared with therapy and the IR of the 5th lesion decreased from 11.6 to 5.8. Representative magnetic resonance (MR) images with MIBG in a patient with mixed response are presented in Fig. 3 . Fig. 4 shows mean values of the sum of IR values for individual patients before and after treatment. Post-chemotherapy, an overall decrease in MIBG IR values was observed (from 43.2 AE 37.7 to 19.7 AE 20.4; P50.05). In patients with a decrease in the sum of MIBG IR, there was an improvement in symptoms related to excessive catecholamine release and in arterial blood pressure. The percent reduction in the summed IR values correlated with the percent reduction in urinary VMA (r ¼ 0.94; P50.01) (Fig. 5) but not with the change in total catecholamines or metanephrines.
Discussion
The initial evaluation of patients with malignant pheochromocytoma included a physical examination, serum and urine laboratory tests, as well as computed tomography (CT), MR imaging and radionuclide procedures [1, 2] . Tumor lesions detected by anatomic imaging can be characterized as pheochromocytoma by functional imaging agents that target the catecholamine synthesis, storage, and secretion pathways of chromaffin tumor cells [7] . These techniques include 123 [11] recommend the use of FDA-PET/CT in patients with a biochemically established diagnosis of pheochromocytoma and paraganglioma when the aim is to localize the primary tumors and rule out metastases. However, when FDA is unavailable, DOPA-PET or MIBG scintigraphy can be used as valid alternatives [11] . After chemotherapy, the same diagnostic approach might be used to evaluate both primary and metastatic disease [35, 12, 13] . Physical examination is useful for assessing lymph node changes and should always be included in follow-up evaluations. Urinary catecholamines and their metabolites are useful markers of the biochemical response of malignant pheochromocytoma. However, these urinary tests reflect the function of the entire tumor mass and are not helpful in assessment of individual sites of disease. Individual lesions, their anatomic and functional status and their response to chemotherapy are best evaluated with diagnostic imaging studies. CT and MR imaging are excellent for detecting mass lesions and for following their size during therapy. Chemotherapy, however, may leave a residual of necrotic tumor and fibrous tissue. In the follow-up evaluation of neoplastic disease, differentiation of viable tumor from fibrosis is of fundamental importance and often requires needle biopsy; for this purpose, another way to non-invasively monitor the effects of chemotherapy is to assess the viability of a tumor using molecular imaging modalities; in MIBG molecular imaging and malignant pheochromocytoma 157 shows increased tracer uptake in the right iliac wing and left acetabulum (black arrows), faint uptake in multiple lymph nodes of the right and left iliac chains and in proximal femurs; after chemotherapy (B) there is reduction of uptake in the right iliac wing (arrow), no uptake in the left acetabulum and femur, unchanged uptake in the right femur, and increased uptake in multiple lymph nodes of the right and left iliac chains (white arrows). Sagittal MR T2-weighted turbo spin echo image of the right iliac wing before chemotherapy (C) shows a 2-cm hyperintense lesion (white arrow); after chemotherapy (D), there is a reduction in size to 1 cm (white arrow). Sagittal MR T2-weighted turbo spin echo image of the left pelvis before chemotherapy (E) shows no abnormalities; after chemotherapy (F), part of a large iliac lymphadenopathy measuring more than 3 cm (white arrow) is detectable.
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this regard, the role of nuclear medicine techniques has been previously suggested [10, 1416] . FDG-PET combined with CT imaging has been used in monitoring the response to therapy of several oncologic diseases, such as brain tumors, lymphoma, and colon carcinoma [17] . More recently, Nakazawa et al. [18] demonstrated that FDG-PET is a useful method for evaluating the effect of [ 131 I]MIBG therapy in patients with malignant pheochromocytoma. Although we previously demonstrated that MIBG imaging might be useful in monitoring the response to chemotherapy in patients with neuroblastoma [10] , no studies have been performed to assess chemotherapy efficacy in patients with malignant pheochromocytoma by MIBG or PET imaging.
In the present study, we propose that serial MIBG imaging can be useful in monitoring patients with malignant pheochromocytoma who are receiving chemotherapy. We found that the quantification method described in this study is useful to follow lesion activity. First, the overall MIBG results were consistent with the biochemical response of tumor. Second, quantification of individual lesions confirmed the visual impression that change of individual disease sites was variable, disappearing in some cases, remaining unchanged or increasing in others. It is well known that MIBG uptake in pheochromocytoma cells is a complex mechanism related to tumor differentiation. The heterogeneity of response to chemotherapy might reflect a different grade of tumor metabolic activity [19] . In this regard, patient 2 provides an example in which MIBG imaging is particularly useful in clinical management evaluating the heterogeneity of tumor response to treatment. In particular, this patient had 37 sites of disease identified by MIBG imaging; after 4.1 months of chemotherapy, MIBG uptake decreased in 13 lesions and disappeared in another 12. However, MIBG uptake increased in 10 tumor lesions and remained unchanged in the remaining 2 lesions. Similar findings were also observed in 2 other patients in our population, showing 3 (patient 1) and 1 (patient 4) lesions with increased MIBG uptake after chemotherapy. These tumor sites with increased MIBG activity were further evaluated by radiography and were found to be expanding lesions requiring radiation therapy. Thus, MIBG findings after chemotherapy may guide additional treatment options and the heterogeneity of malignant pheochromocytoma response to chemotherapy might have important clinical implications, particularly when alternative therapeutic approaches are contemplated and/or prognostic observations are requested.
We also found that the overall change in MIBG uptake paralleled the change in urinary VMA excretion and in clinical status. It is unclear why we did not also find a correlation with changes in total urinary catecholamine or metanephrine excretion. This may have been due to the limited number of patients studied or to the fact that VMA excretion represented a large percentage of the total excretion of catecholamine metabolites.
A major limitation of our study is the small number of patients included. Therefore, larger studies are needed to confirm our preliminary results. Another limitation is that pathologic data were not available to compare with the changes evident on MIBG imaging. Furthermore 
Conclusion
The results of the present study show that successful combination chemotherapy of malignant pheochromocytoma leads to a reduction in catecholamine production and MIBG uptake by these tumors. Changes in overall MIBG uptake mirrored the change in urinary VMA excretion. However, laboratory measurements reflect only the global functional status of the disease; they are not helpful in defining the response of individual tumor lesions to the treatment. Conversely, MIBG imaging allows a lesion-by-lesion evaluation of the heterogeneity of response to chemotherapy.
